ABSTRACT The DNA sequence of an aminoglycoside phosphotransferase gene (aph) from Streptomycesfradiae ATCC 10745 (a neomycin producer) was determined. The gene was localized by in vitro subcloning and insertional inactivation. Molecular weight, amino acid composition, and amino-terminal analysis of the purified aph gene product confirmed the accuracy and position of the aph gene sequence. Pairwise comparisons of S. fradiae aph with the aph genes encoded by bacterial transposons Tn5 and Tn9O3 showed significant nucleotide and amino acid homologies which indicated a common evolutionary origin for these antibiotic-resistance genes.
The morphological complexity of the streptomycetes, as well as their medical and industrial importance as the producers of the majority of the known antibiotics, makes the study of the genetics of this genera of considerable interest. The unusually high G+C content (72-74%) (1) of Streptomyces DNA could have interesting consequences; for example, most regulatory sequences examined in bacteria are typically A+T rich (2, 3) . The structure of streptomycete genes and their associated regulatory sequences have not been examined. Advances in streptomycete genetics and cloning technology (reviewed in refs. 4 and 5) provide an opportunity to study genes involved in nutritional pathways (6) as well as those encoding antibiotic-resistance mechanisms (6) (7) (8) (9) .
Aminoglycoside-modifying enzymes, such as the aminoglycoside 3'-phosphotransferase [APH (3' )] present in Streptomyces fradiae, are also found in many antibiotic-resistant bacteria of clinical origin (10) . Benveniste and Davies (11) suggested that antibiotic-resistance mechanisms found in clinical isolates may have evolved by the recruitment of resistance genes from antibiotic-producing actinomycetes. Recently, the sequences of the APH(3') genes (aph) of bacterial transposons Tn9O3 (12) and Tn5 (13) have been determined, and the S.fradiae aph sequence described here provided an opportunity to evaluate the Benveniste and Davies hypothesis.
Because the resistance genes of streptomycetes function by enzymatic detoxification of the antibodies or by target site modification (9) , they are dominant characters that are useful for the development of streptomycete cloning vectors (14, 15) . The aph gene of S. fradiae promises to be a particularly useful marker of selection and expression because high levels of APH activity were found when this gene was cloned into a low-copynumber plasmid (SLP1.2) with S. lividans as host (9 (9) . The proteins were analyzed by NaDodSO4/polyacrylamide gel electrophoresis (17) and APH(3') was assayed as described (9) . APH(3') activity was purified from extracts by ammonium sulfate precipitation (60-90% saturation) and HPLC. A Waters HPLC system was used with a Brownlee column (0.046 cm) packed with a RP300 C18 matrix for reverse-phase chromatography. APH(3') activity eluted as a single peak (90% recovery) at 91% in a 40-100% acetonitrile gradient containing 0.1% trifluoroacetic acid. The fractions containing APH(3') were pooled, lyophilized, dialyzed against water, and subjected to NaDodSO4/polyacrylamide gel electrophoresis or complete amino acid analysis. Protein hydrolysis was carried out under standard conditions (6 M HCI, 0.01% mercaptoacetic acid, 1080C, 2 hr) and the hydrolysate was analyzed on an LKB 4400 amino acid analyzer. After further purification by NaDodSO4 gel electrophoresis, APH(3') was analyzed for amino-terminal amino acids on a gas phase protein sequence analyzer (Applied Biosystems model 470A).
Plasmid Constructions. The plasmid constructions are shown in Fig. 1 . S. lividans 66 was used as host for all streptomycete plasmids (4) and Escherichia coli ED8767 was used as host for pBR322 (18) . The procedures for plasmid isolation, construction of recombinant plasmids in vitro, and transformation have been described (4, 19, 20) . (15) ] were found to express a high level of APH(3') activity (2.6 units/mg for pIJ2 and 2.1 units/ mg for pIJ41) and an abundant, insert-specific, 32,000-dalton protein that was detected by NaDodSO4/polyacrylamide gel electrophoresis (Fig. 2) .
RESULTS

Identification of the
A BamHI restriction fragment encoding viomycin resistance (15) was inserted, in either orientation, into the BamHI site of the p1J41 aph gene; strains containing these plasmids-pIJ46 and pIJ47-were sensitive to neomycin and lacked both the APH activity (less than 0.002 unit/mg) and the 32,000-dalton protein. The neomycin APH gene could be localized to a 1. 1-kilobase-pair (kb) pIJ41 Sst II fragment (which contained the BamHI site) by subeloning neomycin resistance onto the multicopy plasmid pIJ350 [thus generating pIJ54 ( Fig. 1) ].
The APH(3') activity was purified by HPLC; the protein eluted as a unique peak that contained two components of apparent size 31,000 and 33,000 daltons by NaDodSO4/polyacrylamide gel electrophoresis (Fig. 2) . The amino-terminal sequence of this APH(3') preparation was found to be NH2-?-Asp-Asp-SerThr-Leu-?-?-Lys-Tyr. Under the conditions used for sequence analysis, proteins with blocked (formylated) amino termini would not have been detected. The composite amino acid content of the S. fradiae APH(3') is compared to that predicted from the DNA sequence (see below) in Table 1 .
Sequence of aph. The Sst II DNA fragment containing the gene aph was analyzed by the Maxam and 4 was confirmed by multiple independent sequence determinations. The structural gene was identified as the sequence with an open reading frame coding for a protein with an amino acid composition and amino-terminal sequence similar to those determined for purified APH(3').
The DNA sequence of the Sst II fragment was analyzed by computer (Intelligenetics, Palo Alto, CA) for G+C content, inverted repeat sequences, and codon usage. In the region 5' to the structural gene, a relatively A+T-rich segment occurs at positions 230-251 (G+C% = 43). The 3' terminus of the structural gene (positions 1,067-1,110) is also relatively A+T rich (G+C% = 52). An inverted repeat sequence was found at positions 1,133-1,173. This 16-base-pair repeated sequence occurred 20 base pairs after the amber stop codon [AG = -43 kcal/mol (21) ; 1 kcal = 4.184 kJ]. Table 2 indicates the distribution of nucleotides in the codon triplets within and adjacent to the aph gene sequence. Within the structural gene, adenine and thymine are rarely found in the first position (G+C content = 80%), are abundant in the second position (G+C content = 43%), and virtually excluded from the third position (G+C content = 97%). This reflects the nonrandom choice of codons as shown in Table 3 . Twenty-five of the 64 coding triplets are not used. In contrast, the sequences that precede and follow the structural gene do not show 
DISCUSSION
The nucleotide sequence of the aph gene of a neomycin-producing S. fradiae has been determined. The accuracy of this DNA sequence and location of the structural gene were confirmed by purification' of theuph gene product and subsequent amino acid analyses. This sequence possesses information related to the regulation of streptomycete genes and to the evolution of clinically important drug-resistance elements.
The possible evolutionary relationship between the struc- (2, 22) or Bacillus subtilis (23) . (28) , as well as the chloramphenicol-resistance gene of Tn9 (28) , are expressed in S. lividans.
The high level of APH(3') expression (10% of soluble protein) when the gene is cloned on streptomycete plasmids is probably due to the presence of an active promoter sequence. The S. fradiae aph gene has been incorporated into high-copynumber broad-host-range vectors (14, 15) , and the uses of vectors carrying this expression system to increase antibiotic yields, to generate hybrid antibiotics, and to produce pharmacologically active proteins are possibilities-of considerable economic importance.
